As part of our systematic exploration of chemical determinants for the olfactory potency of vapors towards humans, we measured concentration-detection functions for the odor of the homologous nalkylbenzenes toluene, ethylbenzene, butylbenzene, hexylbenzene, and octylbenzene. A vapor delivery device based on dynamic olfactometry and calibrated by gas chromatography, served to test groups of 16 to 17 participants. Subjects were young adults from both genders, normosmics, and nonsmokers. Odor functions were tightly modeled by a sigmoid (logistic) function, both at the group and the individual level. Odor detection thresholds (ODTs), defined as the concentration producing a detectability half-way between chance and perfect detection, decreased with alkyl chain length from toluene (79 ppb) to butylbenzene (2.5 ppb), and then increased form butyl to octylbenzene (89 ppb). The "U"-shaped trend of ODTs as a function of alkyl chain length indicated a loss of odor potency beyond a certain molecular size, a phenomenon recently described for chemosensory irritation (chemesthesis) and that will need consideration in structure-activity models of chemosensory potency. Interindividual ODTs variability for any single odorant amounted to one order of magnitude, in agreement with recent studies of other homologous series but quite smaller than commonly depicted.
such possible metrics. In this study, we will focus on the odor detection by humans of aromatic hydrocarbons sharing a phenyl ring and differing in the length of their side carbon-chain, in other words, homologous alkylbenzenes.
The available data indicates that each olfactory sensory neuron (OSN) in the olfactory epithelium expresses one type (Nguyen et al., 2007; Serizawa et al., 2003) of about 380 possible intact human olfactory receptors (ORs) (Go and Niimura, 2008) . In rodents, OSNs expressing the same receptor send their axons to two glomeruli in the olfactory bulb (Vassar et al., 1994) producing a ratio glomeruli to OR 2:1. In humans this ratio has recently been found to be considerable higher: 16:1, due to a much larger number of glomeruli and a smaller number of intact ORs (Maresh et al., 2008) . The convergence, for example in rodents (Hellman and Chess, 2002) , makes the bulb a revealing target for exploring the molecular receptive range of ORs (Mori et al., 2006) . A few studies have tested olfactory bulb responses to aromatic odorants, including alkylbenzenes. Some of these used techniques mapping activity of large sections of the bulb (Farahbod et al., 2006; Johnson et al., 2005; Takahashi et al., 2004) whereas others probed single mitral/tufted bulb cells (Katoh et al., 1993) . The outcome of all studies found significant topographic relationships (i.e., chemotopic representations) between the measured bulbar output and the chemical structure of alkylbenzenes and other aromatics, particularly in terms of length of the carbon chain, position of substituents, presence of functional groups and position of such groups (Johnson and Leon, 2007) .
At the level of the olfactory epithelium, it has long been noted that the distribution of electroolfatogram (EOG) responses in rats for aromatic hydrocarbons is relatively uniform, i.e., responses of similar size are evoked across the epithelium, whereas, for other odorants, responses become progressively larger toward the ventral epithelium (Scott et al., 2000) . Recently, it has also been shown that rat EOG responses from nonpolar odorants (as alkylbenzenes) are effective via both orthonasal (i.e., flow entering the external nares) and retronasal (i.e., flow entering the internal nares) presentations, whereas those from polar odorants are only effective via orthonasal presentations (Scott et al., 2007) .
To the best of our knowledge, alkylbenzenes have not yet been linked to specific olfactory receptors (Skoufos et al., 2000) (http://senselab.med.yale.edu/OdorDB/). Nevertheless, occupational and environmental studies have often employed n-alkylbenzenes to test their chemosensory (odor and irritation) and neurological effects in the general population, (e.g., Mergler and Beauvais, 1992; van Thriel et al., 2003) , in "chemically sensitive" individuals, (e.g., Osterberg et al., 2003; Seeber et al., 2002; van Thriel et al., 2002) , and in the context of work/indoor exposures, (e.g., Nielsen and Alarie, 1982; Orbaek et al., 1998; Panev et al., 1998; Ryan et al., 2002; Yu et al., 2004) . Alkylbenzenes were found to be important pollutants inside vehicles and buses (Parra et al., 2008) .
In the present work, we continue our systematic measurement of human odor detection thresholds for members of homologous series. Here we test the following nalkylbenzenes: toluene, ethyl benzene, butyl benzene, hexyl benzene, and octyl benzene. As done in recent studies of other series (Cometto-Muñiz and Abraham, 2008b; 2009; Cometto-Muñiz et al., 2008) our methodology aims to achieve a tightly-controlled delivery of odorant vapors, allows subjects for a natural sampling (i.e., sniffing) of odorants without depleting the vapor-source, and follows a forced-choice procedure that minimizes olfactory adaptation and individual biases. Quantification of vapors is performed before and during actual testing via gas chromatography. Repetitive testing separated by ample resting (i.e., unexposed) time is used to obtain group and individual data. Odor detection is quantified as concentration-detection, i.e., psychometric, functions rather than just as single values of odor thresholds.
Experimental Procedures
An institutional review board at the University of California, San Diego, approved the protocol for all experiments described here. All participants provided written informed consent.
Stimuli
We tested the following odorants (purity in parenthesis): toluene (99.8%), ethyl benzene (≥99%), butyl benzene (99+%), hexyl benzene (98%), and octyl benzene (98%).
Subjects
A group of 36 subjects (18 female) participated in the study. Their age averaged (±standard deviation) 24 (±5) years, ranging from 18 to 36 years. They were all normosmics, as determined by a clinical olfactory test (Cain, 1989) , and nonsmokers. Not all subjects were available to be tested on every chemical, but a subgroup of 4 subjects (2 female) was tested in common across all five alkylbenzenes. The characteristics of this subgroup and of those tested with each stimulus are shown in Table 1 .
Apparatus
Odorant vapors were generated and delivered by dynamic olfactometry, see (Cain et al., 1992) , using an 8-channel vapor delivery device . This system has been described in detail in recent studies Cain et al., 2007b; Cometto-Muñiz and Abraham, 2008b; Cometto-Muñiz et al., 2008) . Briefly, it consists of 8 stations, each one comprising 3 sniffing cones, forming an array of 24 cones. One of the three cones per station delivers the stimulus (active cone) whereas the other two deliver carbon-filtered air (blanks). One toggle switch per station controls which of the three cones will be the active one on any given trial. The stimulus concentration increases by a fixed factor, here a factor of 2, on going from one station to the next, starting with station 8 (lowest concentration) and ending with station 1 (highest concentration). Each cone delivers a total flow (stimulus + air) of 40 L/min, and is engineered to do so without producing a sensation of draft since the achieved linear air speed is similar to that found in mechanically ventilated rooms (Knudsen et al., 1997; Knudsen et al., 1998) . The flow value was chosen to provide sufficient stimulus volume to accommodate human sniffs (Laing, 1982; . Local extraction of air above the cones, and an air extraction rate of 17 ach (air changes per hour) in the whole testing room containing the VDD-8, maintain an environment with minimal odor background.
Procedure
The order in which alkylbenzenes were tested was randomized. On a given day (i.e., session), up to six subjects were tested simultaneously with one odorant and, as a rule, completed all testing with it. Sessions with the same odorant continued until at least 16 subjects were run. Using an ascending concentration approach, testing at each VDD-8 station entailed a threealternative forced-choice procedure as explained next. Subjects lined-up in the VDD-8 room.
Paced by a speaker system, the first participant in line approached station 8 and sniffed in 5-sec windows from cones 1, 2, and 3. Then, the subject had to step back from the cones, choose the cone smelling differently (guessing if necessary), and assign a confidence number to the decision, using a scale from "1": not confident at all (just guessing), to "5": extremely confident. The participant recorded the responses in a scoresheet. After a 15 sec interval, the first subject repeated the procedure at station 7, while a second subject began testing at station 8. In this way, participants moved one station at a time from station 8 to 1, and stepped out of the room when completing all stations. This was called a "round". When all subjects finished, the experimenter set a new random order of active cones across the 8 stations and waited a minimum of 5 min before calling the participants again to start a new "round". To complete testing with an alkylbenzene, each participant needed to perform at least 35 rounds (a few performed 36 to 41 rounds).
Gas chromatography
Quantification of the stimulus delivered to each station was achieved by gas chromatography (flame ionization detector). Measurements were repeatedly taken from the stimulus(odor)-line of the VDD-8 before subjects started the day session, and one or two times per hour thereafter, during testing. The average coefficient of variation of these vapor concentrations across testing sessions (days) equaled 7% for toluene, 13% for ethyl benzene, 18% for butyl benzene, 20% for hexyl benzene, and 22% for octyl benzene. The following range of concentrations, in seven binary steps, was tested for each alkylbenzene: 3.5 to 445 ppb by volume for toluene, 0.20 to 25 ppb for ethyl benzene, 0.21 to 27 ppb for butyl benzene, 0.30 to 39 ppb for hexyl benzene, and 3.3 to 427 ppb for octyl benzene.
Data Analysis and Modeling
Results were summarized as concentration-detection (i.e., psychometric) odor functions, at both the group and the individual level, and as plots of confidence rating vs. concentration. Probability of detection corrected for chance (P), that is, detectability, was quantified as a number between 0.0 (chance detection) and 1.0 (perfect detection) according to (Macmillan and Creelman, 1991) :
equation (1) where P = detection probability corrected for chance, m = number of choices per trial (here, three), and p(c) = proportion correct (i.e., number of correct trials / total number of trials).
Group and individual psychometric odor functions were modeled by a sigmoid (logistic) equation of the form:
equation (2) where P = detection probability (0 ≤ P ≤ 1), P max = 1.0, x = vapor concentration (in log ppb by volume), and C and D are constants. C is the value of x when P=0.5, that is, when detection probability is half-way (P=0.5) between chance (P=0.0) and perfect (P=1.0) detection. This value was taken as the odor detection threshold (ODT) expressed in log ppb. In turn, the constant D defines the steepness of the function.
Results
Figure 1 presents group psychometric odor functions and average confidence ratings as a function of concentration for each alkylbenzene. As expected, confidence ratings closely followed the trends in detectability. Table 2 quantifies the odor function for each stimulus in terms of ODT, constants C and D with their respective standard errors (SE), and two measurements of goodness of fit: R 2 and Chi square. This quantification was done for the entire group tested with each odorant and for the common group of 4 subjects tested with all five odorants. The similarity between both sets of data provides support to the comparability across odorants within the study. The figure and the table show that the sigmoid equation (2) provides a very adequate fit to the odor detectability data.
Figure 2 to Figure 6 present individual odor functions for the alkylbenzenes. Each subject was given a unique number so the performance of participants tested with more than one odorant can be followed. Table 3 shows the values of C, D, and R 2 for each of these individual functions. As with the group, the sigmoid model provided a very adequate fit to individual odor functions. Table 3 also shows the group value of C and D calculated as the average of the individual data with the corresponding SE. Not surprisingly, the average of individual C-values for each alkylbenzene (Table 3) was almost identical to the value of C calculated from the sigmoid fit to the group as a whole in Table 2 (upper section, all subjects). In turn, the average of individual D-values for each alkylbenzene (Table 3 ) ranged from 0.13 to 0.18 and was in every case slightly lower than the value of D calculated form the sigmoid fit to the group (Table 2, 
Discussion

Group odor detection data
Psychometric odor functions across n-alkylbenzenes showed a difference compared with those recently obtained, under identical apparatus and methodology, across homologous n-alcohols (Cometto-Muñiz and Abraham, 2008b ) and 2-ketones (Cometto-Muñiz and Abraham, 2009 ). For these series, the functions across increasing homologs tended to shift towards the left (i.e., lower concentrations) often clustering together for the higher homologs. In contrast, for the alkylbenzenes, the functions shifted left up to butyl benzene and then began to shift right (i.e., towards higher concentrations) such that the functions for the shortest (toluene) and the longest (octyl benzene) alkylbenzene were now clustering together (Figure 1 ). This somewhat resembles the behavior of homologs in the series of acetate esters (Cometto-Muñiz et al., 2008) , as discussed next.
In terms of ODTs, the above effect for alcohols and ketones translated into odor thresholds that declined with carbon chain length until reaching a plateau at the level of 1-butanol and 2-heptanone, respectively (Figure 7) . Nevertheless, among the acetates, an upward rebound in ODT was observed for octyl acetate (the largest homolog tested) whose ODT was higher than those for hexyl and butyl acetate (Figure 7 ). In the case of the alkylbenzenes, ODTs decreased with carbon chain length from toluene to butyl benzene, and, then, they increased from butyl to octyl benzene. This generated a clear U-shaped trend such that the ODTs for toluene and octyl benzene were similar (79 and 89 ppb, respectively) and much higher than those for the intermediate homologs (Figure 1 , left; Table 2 , upper section). The effect is illustrated in Figure  7 . Results from nonhuman primates have suggested that detectability of odorants may also be affected by their behavioral relevance and/or environmental frequency of occurrence, sometimes leading to U-shaped functions along homologous VOCs (Hernandez Salazar et al., 2003) .
As discussed in detail in recent papers, e.g., (Cometto-Muñiz et al., 2008) , Figure 7 also shows that the improved apparatus and methodology employed here renders substantially lower thresholds that those obtained previously for the same alkylbenzenes delivered via squeeze bottles under a conservative fixed-performance criterion (Cometto-Muñiz and Cain, 1994) . A similar gap in odor thresholds between the new and old methodology has been reported for alcohols, acetates, and ketones, but, for these series, the relative trend in ODTs as a function of carbon chain length remained similar across the two methodologies (Cometto-Muñiz and Abraham, 2008b; 2009; Cometto-Muñiz et al., 2008) . In contrast, the present results with alkylbenzenes reveal a clear Ushape trend of ODTs as a function of carbon chain length, an effect not captured with the old methodology.
In line with previous findings (Abraham et al., 2002) , we suggest that the loss in odor potency (i.e., a rebound to higher thresholds) insinuated previously with octyl acetate (Cometto-Muñiz et al., 2008) and clearly manifested here from butyl benzene onwards, reflects the start of a hampering effect of molecular size on olfactory detection. In other words, successive larger homologs along a series reach a critical dimension such that their ODTs stop to decrease with carbon chain length and, instead, begin to increase with it. The phenomenon is not new in chemosensory perception. An even more abrupt hampering effect of molecular dimension on human chemosensory detection of homologous vapors has been described for trigeminal chemesthesis, i.e., chemical sensory irritation of nose and eyes (Cain et al., 2006; ComettoMuñiz and Abraham, 2008a; Cometto-Muñiz et al., 2005; Cometto-Muñiz et al., 2007a; . In this case, a cut-off is produced in the series such that upon reaching a homolog of a certain size, trigeminal chemesthetic detection fails to be elicited altogether.
The present odor thresholds for n-alkylbenzenes fall among the lowest values previously reported, as shown in a comparison with ODTs in the literature compiled by van Gemert (van Gemert, 2003) and those compiled and standardized by Devos et al. (Devos et al., 1990) (Figure  8 ). The figure also shows that the ODTs measured here fall close or lower than those measured by Nagata (Nagata, 2003) using a triangle odor bag method (Iwasaki, 2003) . (The method is also described in considerable detail at: http://www.env.go.jp/en/air/odor/olfactory_mm/01method_2-2-2.pdf.) We have argued (Cometto-Muñiz et al., 2008) that by attempting to optimize both the chemico-analytical and the psychophysical procedures, the resulting odor thresholds, devoid of many common sources of "noise", would end up falling at the low end of the reported values, an expectation confirmed here again.
Individual odor detection data
Psychometric functions were also obtained at the individual level. The sigmoid equation (2) provided a very adequate description of the data at this level too (Table 3 and Figure 2 to Figure  6 ). Interindividual variability, calculated as the ratio of ODTs (in ppb) between the least and the most sensitive subject for each odorant, equaled 12 for toluene, 5.6 for ethylbenzene, 8.9 for butylbenzene, 16 for hexylbenzene, and 11 for octylbenzene. Alternatively, calculated as the interquartile range of individual ODTs (in log ppb), interindividual variability equaled 0.48 for toluene, 0.42 for ethylbenzene, 0.25 for butylbenzene, 0.37 for hexylbenzene, and 0.29 for octylbenzene. These results agree well with those recently obtained for homologous alcohols, acetates, and ketones (Cometto-Muñiz and Abraham, 2008b; 2009; Cometto-Muñiz et al., 2008) and point to an interindividual variability of about one order of magnitude between the least and the most sensitive participant among a group of normosmic, nonsmoker, young adults of both genders. Such relatively small variability in olfactory detection has been observed before (Rabin and Cain, 1986; Walker et al., 2003) but is considerably lower than the 3 to 5, or even higher, orders of magnitude frequently reported (Brown et al., 1968; Jones, 1957; Punter, 1983; Stevens et al., 1988; Yoshida, 1984) .
A quantitative structure-activity relationship (QSAR) for ODTs in humans
Previously, using ODTs measured via the squeeze bottle system and the fixed-performance criterion mentioned above, we have developed a QSAR for odor potency from up to 60 volatile organic compounds (VOCs), including alcohols, esters (acetates), ketones, alkylbenzenes, terpenes, carboxylic acids, aliphatic aldehydes, and a few miscellaneous compounds (Abraham et al., 2002; Abraham et al., 2007) . The QSAR is based on the solvation equation of Abraham (Abraham, 1993; Abraham et al., 2005; and has been described in detail in the cited publications. The outcome revealed that "selective" processes accounted for 77% of the variation in odor potency among the VOCs tested. By selective, we mean effects that rest on the successive transfer of the odorant from the gas phase, when it enters the nose, to the final receptor(s) phase(s). In transfer-driven processes, small structural changes in the VOC evoke predictable, and rather small, changes in biological activity. The remaining variation in odor potency involved a "specific" effect due to molecular size, that might involve OR-odorant interactions and/or odorant-binding proteins, and a specific effect for aldehydes and carboxylic acids, that might rest on the chemical reactivity of these series. In these kind of effects, small structural changes in the VOC evoke less predictable, and often large, changes in biological activity. The specific molecular size effect has been clearly manifested again here with the alkylbenzenes (Table 2, Figure 1 , and Figure 7 ).
As discussed above, the present approach and methodology, by measuring psychometric functions, goes well beyond just gathering single odor thresholds. It also provides ODTs that reflect closely the absolute sensitivity of human olfaction, both at the group and at the individual level. Given these advantages, and within the context of the relative comparability between the previous and present odor potency values, we aim to develop another QSAR based on the solvation model but with the ability to describe and predict psychometric odor detection functions, as obtained here and in the recent studies. The initial viability of this endeavor has been shown (Cometto-Muñiz et al., 2008) , although additional VOCs still need to be tested. The present results with n-alkylbenzenes (Figure 7) highlight the need to include in such QSAR a novel term or "descriptor" accounting for VOCs exceeding a certain molecular size. Studies at the molecular level have explored the structural determinants of odorant ligands (e.g., molecular size, chemical functionality) for very few of the approximately 380 human ORs (Schmiedeberg et al., 2007) . In contrast, the behavioral approach, as exemplified here, probes simultaneously the entire array of ORs integrated within the intact olfactory pathway. This complementary strategy to establish QSARs has considerable merit given the combinatorial characteristics of ORs (Firestein, 2004) , their high number and relative broad chemical selectivity (Katada et al., 2005) , and the modulation of the olfactory signal at higher neural levels (Lledo et al., 2005) . Plots of individual psychometric odor functions for toluene, fitted by the sigmoid equation (2). Each point in a graph represents the outcome of 35 trials provided for that concentration by that subject. Each subject was given a unique number, so one can follow the performance of participants tested on more than one alkylbenzene. Same as in Fig. 2 but for butyl benzene. Comparison of ODTs along homologous alkylbenzenes obtained in this study (2009) with those obtained in a previous study (1994) that delivered vapors via static olfactometry (squeeze bottles) and employed a conservative, fixed-performance criterion (i.e., five out of five correct in an ascending concentration approach) (Cometto-Muñiz and Cain, 1994) . Bars indicate standard error (SE) (they are covered by the symbol in the case of the present data). Also shown are the trends in ODTs along homologous n-alcohols (Cometto-Muñiz and Abraham, 2008b) Illustration of the range of ODTs for n-alkylbenzenes in air reported in the literature, as compiled by van Gemert (filled circles) (van Gemert, 2003) and as compiled and standardized by Devos et al. (empty circles) (Devos et al., 1990) . (Values from the studies listed in each compilation are spread out along the x-axis for clarity.) We also show ODTs obtained by Nagata (triangles) (Nagata, 2003) , and those obtained in the present study (crosses). Table 1 Characteristics of the subgroups of participants tested with each alkylbenzene and of the subgroup tested in common across all five alkylbenzenes. Quantification of individual odor functions for each alkylbenzene in terms of C (i.e., ODT in log ppb), D, and R 2 , as fitted by the sigmoid equation (2).
List of Abbreviations
Toluene (n=16)
Ethylbenzene ( 
